We have investigated the in vitro antimicrobial effects of antibiotic combinations against Orientia tsutsugamushi, the causative agent of scrub typhus. ECV304 cells were infected with the Boryong strain of O. tsutsugamushi and incubated in a medium containing doxycycline (4 µg/mL), azithromycin (0.5 µg/mL), rifampin (4 µg/mL), ciprofloxacin (25 µg/mL), gentamicin (5 µg/mL), cefotaxime (2 µg/mL), or combinations of these agents for 7 days, after which immunofluorescent staining for O. tsutsugamushi was performed. The percentages of infective foci in cultures containing antibiotics compared to those in cultures without antibiotics were 6.2% for doxycycline, 9.6% for azithromycin, 8.8% for rifampin, 96.6% for cefotaxime, 29.7% for doxycycline plus cefotaxime, 23.6% for azithromycin plus cefotaxime, and 41.4% for rifampin plus cefotaxime. These findings show an in vitro antagonism between anti-rickettsial agents and cefotaxime against O. tsutsugamushi. These results suggest that the efficacy of antibiotic combinations involving cefotaxime for the treatment of patients with scrub typhus, particularly those with severe pneumonia, needs to be investigated.
Introduction
Scrub typhus, which is caused by Orientia species, can be successfully treated with certain antibiotics such as doxycycline, rifampin, and azithromycin. These antibiotics, however, have only bacteriostatic effects against O. tsutsugamushi [1] . Therefore, they cannot prevent the persistence of O. tsutsugamushi in humans [2] . Persistence of the organism is associated with early recurrence, prolonged convalescence, and recrudescent pneumonia [2, 3] .
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Combination antibiotic therapy has been used to lower the treatment failure rate for various difficult-to-treat bacterial infections such as tuberculosis or brucellosis. Because there are several situations in which combination antibiotic therapy is needed for scrub typhus, e.g., when the patient presents with secondary bacterial pneumonia, it is important to investigate how combinations of antibiotics influence the clinical outcome of scrub typhus. A clinical trial of rifampin combined with doxycycline for treating scrub typhus was terminated prematurely because of a poor clinical response [4] . However, there have been no investigations into the mechanism(s) underlying the poor response to this combination. Results of a previous in vitro experiment with flow cytometry revealed that antagonism occurred when azithromycin was combined with cefotaxime against O. tsutsugamushi [5] . In the present study, we have investigated the antimicrobial effects of various combinations of doxycycline, azithromycin, rifampin, ciprofloxacin, gentamicin, and cefotaxime against O. tsutsugamushi. The procedure has been described in detail previously [2, 6] . A stock solution of the O. tsutsugamushi Boryong strain was inoculated onto a monolayer of ECV304 cells seeded in a 75-cm 2 culture flask. When the infected ECV304 cells showed maximal cytopathic effects, the degree of infection of ECV304 cells was assessed by immunofluorescence (IF) staining. The cells were then disrupted with glass beads and centrifuged at 350 g for 5 minutes. The resultant supernatant was divided equally into 9 aliquots, which were inoculated onto ECV304 monolayers grown on cover slips in 6-well culture plates and incubated for 4 hours. At the end of the initial incubation period, the inoculum was replaced with fresh medium containing doxycycline (4 µg/mL), azithromycin (0.5 µg/mL), rifampin (4 µg/mL), cefotaxime (2 µg/mL), ciprofloxacin (25 µg/mL), gentamicin (5 µg/mL), one of the combinations shown in IF staining was performed as previously described [6] , and the number of IF-positive foci per field was counted using the ImageJ program [7] . To account for differences in the inoculation numbers, values are expressed as percentages of inhibition (calculated as the observed values in cultures containing each of the antibiotics divided by the corresponding bacterial numbers in cultures without antibiotic on day 8 after inoculation with O. tsutsugamushi) for each experiment.
The percentages of IF-positive foci in cultures containing each of the antibiotics are shown in Table 1 . The combination of 3 antibiotics (doxycycline plus azithromycin plus gentamicin) resulted in a decrease in the percentage of IF-positive foci to 11% of that observed in control. Uninfected ECV304 cells did not show any IF-positive foci.
Although certain combinations of the antibiotics (azithromycin plus rifampin, azithromycin plus ciprofloxacin, and rifampin plus ciprofloxacin) exhibited a slightly smaller number of IF-positive foci than the corresponding single antibiotic, the overall results suggest there is no need to use antibiotic combination therapy for scrub typhus. Furthermore, antibiotic combination therapy for 7 days may not prevent the persistence of O. tsutsugamushi. The results also confirm that ciprofloxacin, even at a 10-fold higher concentration than the expected peak serum concentration, showed only moderate in vitro antimicrobial activity against O. tsutsugamushi. Reports that all tested strains of O. tsutsugamushi have a Ser83Leu mutation in the quinolone resistance-determining region of the gyrA gene support the results of the present in vitro study [8] . Because of In clinical studies, pefloxacin and ciprofloxacin each showed a 20% failure rate [9] , and levofloxacin showed a 9% failure rate [10] . Treatment at the late phase of illness may be a determining factor for this poor outcome [10] . Inconsistent clinical responses noted in case reports or case series employing fluoroquinolones for the treatment of scrub typhus are comparable with those observed in the above-mentioned studies. As suggested in the present study, however, the efficacy of fluoroquinolones may not have been evaluated properly, as many of these cases concomitantly received beta-lactam antibiotics that may be antagonistic to fluoroquinolones. For example, a study reporting that ciprofloxacin had low efficacy included 2 pregnant women who received ceftriaxone or ampicillin among 4 patients receiving ciprofloxacin [11] .
There are several situations indicating combination antibiotic therapy for scrub typhus. Co-infection of O. tsutsugamushi with other bacteria is an absolute indication. Co-infection with leptospirosis and scrub typhus is an example of when ceftriaxone and an anti-rickettsial agent should be used in combination. Furthermore, the requirement for combination therapy may be higher with scrub typhus than with non-persistent bacterial infections, because O. tsutsugamushi can be reactivated from a dormant state because of a new infection. In addition, scrub typhus occurrences in tropical or subtropical regions are frequently not accompanied with its characteristic findings such as eschar or rash and cannot be discriminated from enteric fever. Therefore, when patients present with severe manifestations of enteric fever, a combination antibiotic treatment covering both enteric fever and scrub typhus may be employed empirically before identification of the causative agent. Furthermore, spreading of multi-drug resistant typhoid or paratyphoid fever necessitates the use of cefotaxime or ceftriaxone.
Pneumonia is the most common complication of scrub typhus, occasionally accompanied by other bacterial infections. Therefore, severe pneumonia or adult respiratory distress syndrome (ARDS) as a complication of scrub typhus is sometimes managed empirically with combined antibiotics such as beta-lactam antibiotics and either a macrolide or doxycycline, as recommended by the Infectious Diseases Society of America and American Thoracic Society [12] . Cefotaxime, as a beta-lactam antibiotic, is commonly employed because of its safety, broad antimicrobial spectrum, and lack of antagonistic effects with most other antibiotics.
However, in the present study, cefotaxime showed antagonistic effects with respect to all 3 anti-rickettsial agents against O. tsutsugamushi. These effects are not likely to be a result of chemical interactions among these antibiotics because all 3 tested anti-rickettsial antibiotics differ in physical characteristics. Previous in vitro antimicrobial susceptibility tests have revealed that beta-lactam antibiotics have little antimicrobial effect against O. tsutsugamushi. Consequently, these antibiotics have not been used for the treatment of scrub typhus. However, to date, it has not been considered whether cefotaxime adversely influences the antimicrobial effects of anti-rickettsial agents. The concentration of cefotaxime employed in the present study represents a clinically achievable trough concentration. This suggests that its interfering effects may be greater at peak therapeutic levels (80-100 µg/mL). The number of IF-positive foci in cultures treated with the antibiotic combinations with cefotaxime was fewer than that in the culture treated with ciprofloxacin. Therefore, it is expected that the clinical efficacy of combination therapy with cefotaxime may be superior to that of ciprofloxacin, but inferior to that of doxycycline. In clinical cases, there are reports of good responses when cefotaxime/ceftriaxone is combined with either minocycline or doxycycline [13, 14] ; however, there are also cases showing poor responses [14, 15] . For example, one patient with extensive pneumonia (case 5) died 24 hours after hospital admission, following treatment with ceftriaxone and doxycycline, while another patient (case 3) with severe scrub typhus survived after treatment with doxycycline alone [14] . A pregnant woman (case 2) died after receiving cefotaxime and azithromycin [15] . There are also cases reporting a delayed response. A patient with ARDS who received ceftazidime, amoxicillin-clavulanate, and doxycycline displayed a delayed response (48 hours or until administration of a steroid) [16] . These case reports suggest that the efficacy of combinations with cephalosporin antibiotics may be effective in the usual situations, but poor in severe scrub typhus, particularly when complicated by ARDS.
Prior to the present report, with the exception of our previous experiment [5] , there have been no reports suggesting that cefotaxime has an antagonist effect. While beta-lactam antibiotics, including cefotaxime, kill bacteria by inhibiting cross-linking of peptidoglycan polymers, it is generally accepted that peptidoglycan is absent in O. tsutsugamushi. Therefore, it might be concluded that cefotaxime has no antagonistic effects on anti-rickettsial agents against O. tsutsugamushi, nor does it have an effect on the organism. However, other modes of action, including induction of holin-like proteins in bacterial membranes [17] , may be involved in the antagonistic effects of beta-lactam
Most clinical studies evaluating risk factors for poor outcomes in scrub typhus also do not investigate this factor. One clinical study, which evaluated delayed defervescence in patients with rickettsial infections and treated with doxycycline, revealed that antibiotic combination therapy was more frequently used in the delayed group than in the non-delayed group, though the difference was not statistically significant [18] . In clinical studies evaluating antibiotic efficacies on scrub typhus, all clinical trials have only excluded patients receiving anti-rickettsial antibiotics before enrollment in the trial. Therefore, it is unknown how many of the enrolled patients received cephalosporins concomitantly with anti-rickettsial antibiotics, and the degree to which cephalosporins may have interfered with the efficacy of the antibiotics is unknown.
A report by Watt et al. [19] also only excluded patients receiving anti-rickettsial agents within 2 weeks before enrollment. The authors compared the clinical response to doxycycline in hospitalized patients with scrub typhus in 2 areas of northern Thailand: Chiang Rai, where scrub typhus that was poorly responsive to doxycycline was prevalent and Mae Sod district, where scrub typhus was responding well to doxycycline. Antibiotic susceptibility testing in vitro and in mice strengthened this clinical study; however, antibiotic susceptibility was measured only in strains isolated from patients with a delayed resolution of scrub typhus and not in strains isolated from patients with a rapid response. Instead, the authors used the reference Karp strain as an antibiotic-susceptible strain. If the strains isolated from the rapid responders reveal similar in vitro results, the antibiotic-susceptibility tests may only represent growth characteristics of strains prevailing in Thailand. We previously reported that high in vitro infectivity is responsible for in vitro resistance of the AFSC-4 strain, a doxycycline-insensitive strain isolated in Thailand [6] . As for the delayed clinical response to doxycycline, if clinical practice of antibiotic use differed significantly between the 2 hospitals, the difference in the defervescence times might be attributed to the frequency of cefotaxime use. Another study conducted in Chiang Rai has not reported a delayed clinical improvement [20] , which further supports this suggestion.
Taken together, the poor responsiveness of scrub typhus to antibiotics in northern Thailand may not be a matter of antibiotic resistance, but a result of multiple coincidental phenomena. These phenomena include high in vitro infectivity and delayed clinical responses because of the antagonistic effects of cephalosporin antibiotics on doxycycline. Although clinical studies are needed to determine whether the in vitro antagonistic effects observed in the present study correlate with a delayed clinical response, these antibiotic combinations should be used with caution for critically ill patients with scrub typhus. If the superimposed bacteria are susceptible to ciprofloxacin or gentamicin, fluoroquinolone or aminoglycoside antibiotics may be used as an alternative to cefotaxime. In particular, respiratory fluoroquinolones such as levofloxacin or moxifloxacin have an antimicrobial spectrum similar to that of cefotaxime; therefore, these antibiotics can be used in combination with anti-rickettsial antibiotics for empirical treatment of severe pneumonia complicating scrub typhus.
The present experiment was performed only once. When combined with any of the 3 anti-rickettsial antibiotics, cefotaxime showed antagonistic effects; therefore, the in vitro antagonistic effect of combinations with cefotaxime is unequivocal.
